An obstacle associated with PIF microbial surveillance is that most current procedures are time-consuming and labor-intensive. We have developed a rapid, DNA microarray-based detection technique to identify 10 different pathogenic bacteria associated with PIF contamination based on the 16S-23S rRNA gene internal transcribed spacer (ITS) sequences and wzy (O antigen polymerase) gene. Using this procedure, Enterobacter sakazakii, Salmonella enterica, Klebsiella pneumoniae, Klebsiella oxytoca, Serratia marcescens, Acinetobacter baumannii, Bacillus cereus, Listeria monocytogenes, Staphylococcus aureus, and Escherichia coli O157 were identified. One hundred eighty-five strains were used to validate the microarray assay (including 134 target pathogen strains and 51 closely related bacteria). Twenty-seven probes reproducibly detected multiple pathogens with high specificity and sensitivity (0.100 ng genomic DNA or 10 4 CFU/ml). Twenty-one real PIF samples were tested by the microarray with 100% accuracy. The data presented reveal that the designed oligonucleotide microarray is a promising method for basic microbiology, clinical diagnosis, food safety, and epidemiological surveillance.
aureus, and coagulase-negative staphylococci (http://www.who .int/foodsafety/publications/micro/mra10/en/index.html). Enterobacter agglomerans, Enterobacter cloacae, Hafnia alvei, and coagulase-negative staphylococci (normally referring to Staphylococcus epidermidis and Staphylococcus saprophyticus), whose pathogenicity is weak, were rarely isolated by the Entry-Exit Inspection and Quarantine Bureau. Clostridium difficile, Clostridium perfringens, and Clostridium botulinum are anaerobes, and both their cultivation and strain collection are difficult. The internal transcribed spacers (ITS) of Citrobacter koseri and Citrobacter freundii are not available. Therefore, in this report, 10 important and often-isolated pathogens, E. sakazakii, Salmonella enterica, K. pneumoniae, K. oxytoca, S. marcescens, A. baumannii, B. cereus, L. monocytogenes, S. aureus, and E. coli O157, were employed to design a microarray-based approach for the detection of PIF-associated pathogens.
Conventional methods for the detection of these pathogens involve their isolation in pure culture combined with biochemical tests that often are laborious, time-consuming, and difficult to quantify (6) ; however, the use of molecular methods, such as PCR, real-time PCR, and immunoassays, has facilitated pathogen detection (2) . Despite these improvements, only the detection of E. sakazakii and Salmonella species in PIF have been reported (17) . Recently, DNA microarray-based assays have been introduced and developed as potential strategies for facilitating the high-throughput and specific screening of pathogen-associated DNA sequences (3) .
In this study, we targeted the detection of the 16S-23S rRNA gene ITS regions for nine pathogen targets and the O unit-processing gene wzy (O antigen polymerase) for E. coli O157. A total of 185 bacterial strains were used to validate the microarray assay. Twenty-seven specific probes and two primer pairs reproducibly and specifically were used to identify bacterial genomic DNA in samples with as little as 0.1 ng DNA or 10 4 CFU/ml for pure culture.
MATERIALS AND METHODS
Bacterial strains. The target bacterial strains tested in this study are described in Table 1 . Listeria species strains were cultured in trypticase soy-yeast extract broth (TSB-YE) medium, and the other were inoculated into 2YT medium. All strains were grown overnight at 37°C with shaking.
Preparation of PIF samples. For mock samples, respective bacterial cultures were serially diluted, and 10 0 CFU was mixed with 100 g of PIF and 900 ml of 2YT medium (L. monocytogenes was mixed with 900 ml of TSB-YE medium); for test samples, only 100 g of PIF and 900 ml medium were mixed. The mixture was incubated at 37°C for 5 h, and then 10 ml was used to inoculate 100 ml of enterobacteria enrichment broth and meat infusion broth (L. monocytogenes was inoculated in Fraser medium). These three selective media were incubated at 37°C overnight with shaking, and genomic DNA then was extracted from 1.5 ml of the overnight cultures.
DNA isolation. Genomic DNA was extracted using the Bacteria Genomic DNA Purification kit (Tiangen Biotech Co., Ltd., Beijing, China) according to the manufacturer's protocol.
Primer and probe design. The primer pair wl-5793 (5Ј-TGT ACA CAC CGC CCG TC-3Ј) and wl-5794 (5Ј-GGT ACT TAG ATG TTT CAG TTC-3Ј), which is specific to the ITS region, was designed as previously described (29) . The wzy primer pair wl-5593 (5Ј-TCA GCG GCT AAG TTG ATT-3Ј) and wl-5594 (5Ј-ATT TGC TCC CAT GTC TCC-3Ј) was designed using Primer Premier 5.0 (Premier Biosoft International, Palo Alto, CA). The ITS probe specificity was examined by comparing probe sequences with the sequences in GenBank and our sequencing database using BLAST. The wzy probes were designed by OligoArray 2.0 software and were based on sequences available in GenBank. For each bacterial target, one to four specific capture probes were designed. In addition, one probe, based on the conserved region of 16S rRNA gene, was used as the positive control, one probe containing a 40-poly(T) oligonucleotide tail was used as the negative control, and one 3Ј-Cy3-labeled probe was used as the positional reference and printing control. Each probe was chemically synthesized and 5Ј-amino modified with a space linker of 15 poly(T) oligonucleotides. All of the probes are listed in Table 2 .
Serratia sp. ITS sequences. PCR amplicons were cloned into the pGEM-T Easy vector (Promega, MA) and transformed into E. coli DH5␣. Transformants (white colonies grown on an ampicillin plates containing isopropyl-beta-D-thiogalactopyranoside and 5-bromo-4-chloro-3-indolyl-â-D-galactopyranoside) were selected randomly. Plasmid DNA was isolated using the conventional alkaline lysis method, digested with EcoRI, and visualized on agarose gels to confirm the presence of the corresponding inserts. Sequences were verified using an ABI 3730 automated DNA sequencer. Seven to 16 transformants per strain were examined.
Target DNA amplification and labeling. The primer concentrations were optimized based on the final intensity of the microarray hybridization signals. Duplex PCR mixtures contained 1ϫ PCR buffer (50 mM KCl, 10 mM Tris-HCl, pH 8.3), 2.5 mM MgCl 2 , 400 M deoxynucleoside triphosphates, 0.15 M ITS, 0.2 M primer for each wzy gene, 2.5 U Taq DNA polymerase, and 50 to 100 ng of DNA template in a final volume of 50 l. PCR conditions used consisted of an initial denaturation at 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 1 min, with a final extension at 72°C for 5 min. PCR products were purified with the Microcon Centrifugal Filter Devices kit (Millipore Corporation, MA). To label the PCR products, the two reverse primers were used during the PCR, and 0.3 l of 25 nM Cy3-dUTP was added. Ten microliters of the purified products generated from the duplex PCR described above was added as the template, and PCR was carried out as described above.
Microarray preparation. Probes were dissolved in 50% dimethylsulfoxide (DMSO) to a final concentration of 1 g/l and coated onto aldehyde groupmodified glass slides (CapitalBio Corporation, Beijing, China) using a SpotArray72 (Perkin-Elmer Corporation, CA). Each probe was spotted in triplicate, and coated slides were dried and stored at room temperature in the dark. Each glass slide contained eight individual arrays framed with an 8-sample cover slip that constituted individual reaction chambers (see Fig. S1 in the supplemental material).
Microarray hybridization and data analysis. All labeled PCR products were precipitated using 100% cold ethanol, centrifuged at 13,000 ϫ g for 10 min, washed with 75% ethanol, and dried at room temperature. The dried, labeled DNA was diluted in 16 l hybridization buffer (25% formamide, 0.1% sodium dodecyl sulfate [SDS], 6ϫSSPE [1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA {pH 7.7}]), and then hybridized with the prepared microarray at 40°C for 12 h. After hybridization, the slide was washed with solution A (1ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% SDS) for 3 min, solution B (0.05ϫ SSC) for 3 min, and solution C (95% ethanol) for 1.5 min. The microarray then was dried under a gentle air stream and scanned with a laser beam of 532 nm using a GenePix biochip scanner 4100A (Axon Instruments, CA) set to the following parameters: photomultiplier tube gain, 600; pixel size, 5 m. The signal-to-noise ratio (SNR) was calculated for each spot using the Bactarray Analyzer software developed in house with the threshold set at 3.0. A signal was considered positive when all probes to a respective target gene generated hybridization signals above the SNR threshold.
Nucleotide sequence accession numbers. The ITS sequences of Serratia spp. were deposited in GenBank under accession numbers GQ332578 to GQ332604.
RESULTS

Serratia sp. ITS regions.
A total of 27 ITS sequences from Serratia spp. were obtained, including 11 from five S. marcescens strains, 4 from one S. odorifera strain, 8 from one S. rubidaea strain, and 4 from one S. fonticola strain. ITS regions were analyzed using tRNA-ScanE software (http: //lowelab.ucsc.edu/tRNAscan-SE/). Two distinct ITS types were identified (see Table S1 in the supplemental material): ITS glu (with the tRNA Glu gene) and ITS ileϩala (with tRNA Ile and tRNA Ala genes). For ITS glu , a 403-bp product was detected in all five S. marcescens strains, 358-and 380-bp products from S. rubidaea, a 454-bp product from S. odorifera, and a 463-bp product from S. fonticola. For ITS ileϩala , a 471-bp product was detected from S. marcescens, a 571-bp product from S. odorifera, 559-and 672-bp products from S. rubidaea, and 556-and 602-bp products from S. fonticola. Alignments of the ITS sequences described above revealed significant interspecies variations (0.608 to 0.794) but low (Fig. 1) . Probe specificity. A total of 185 strains (134 target pathogen strains and 51 closely related bacteria) (see Table S2 in the supplemental material) belonging to 15 different genera and 47 species were used to test the specificity of the designed probes. Probes that cross-hybridized or did not produce signals were removed from the test panel. From 269 hybridization reactions, 30 probes (including 27 species-specific probes, 1 positive control probe, 1 negative control probe, and 1 positional and printing control probe) were selected from the 79 probes initially screened ( Table 2 ). The microarray procedure designed identified all 134 target strains specifically; none of the 51 closely related bacteria tested yielded positive signals, suggesting that the designed probes were species specific ( Fig. 2A  to K) .
Microarray sensitivity. The sensitivity was further tested by hybridization with serially diluted genomic template DNA (0.001 to 10 ng). Representative hybridized results using E. sakazakii genomic template DNA are shown in Fig. S2A to D in the supplemental material. Based on the positive signals generated, the sensitivity of the assay using genomic DNA was 0.001 ng DNA for A. baumannii; 0.010 ng DNA for S. enterica, E. sakazakii, and E. coli O157; and 0.100 ng DNA for K. pneumoniae, K. oxytoca, S. marcescens, B. cereus, L. monocytogenes, and S. aureus. The microarray also was tested against pure cultures of gram-negative and -positive organisms. Genomic DNA was isolated and used to test the sensitivity of the microarray. E. sakazakii ATCC 29544 was selected as a representative gram-negative bacterium and was serially diluted to 10 1 to 10 6 CFU/ml. The positive signals were obtained at 10 4 CFU/ml (see Fig. S2E to H in the supplemental material). S. aureus CMCC 46112 was selected as a representative gram-positive bacterium, and the probes were sensitive using 10 4 CFU/ml (see Fig. S2I to L in the supplemental material). Likewise, the remaining eight strains were identified using 10 4 CFU/ml pure culture (data not shown), suggesting that this was the minimal dose needed for detection.
Simultaneous detection of multiple pathogens. Since the detection of pathogens from a single sample would be carried out most efficiently if multiple pathogens could be detected simultaneously, genomic DNA from two pathogens (A. baumannii and L. monocytogenes or E. coli O157 and B. cereus) were mixed and used as templates to further test the specificity of the microarray assay. The data demonstrated that the probes were able to hybridize the target regions, further demonstrating the specificity of the designed probes to their respective species (data not shown). Mixing genomic DNA from three pathogens (E. sakazakii, S. enterica, and B. cereus [ Fig. 2L ] or S. marcescens, K. oxytoca, and S. aureus [ Fig.  2M] ) also demonstrated that the array probes could detect multiple pathogens from a sample containing multiple genomic profiles.
Blinded testing. The specificity and sensitivity of the designed microarray detection system described was further tested using a double-blind approach. Coded DNA samples from 26 strains (see Table S3 in the supplemental material) were randomly selected and used to hybridize to the microarrays. These results revealed that five isolates were E. sakazakii, four isolates were S. enterica, three isolates were K. pneumoniae, two isolates were K. oxytoca, two isolates were A. baumannii, two isolates were S. marcescens, two isolates were B. cereus, two isolates were L. monocytogenes, three isolates were S. aureus, and one isolate was E. coli O157. These results matched the identity according to the Vitek system and serotyping methods in the Tianjin Entry-Exit Inspection and Quarantine Bureau and General Hospital of Tianjin Medical University.
Detection of mock PIF samples. E. sakazakii ATCC 29544, S. enterica CMCC 50071, K. pneumoniae ATCC 10031, S. aureus CMCC 26058, and E. coli O157 IMVS 1332 (8) were used to inoculate PIF and cultured as mentioned in Materials and Methods. Pathogen-free PIF was used as a negative control. DNA was extracted from the respective samples and tested using the microarray probes described above. Hybridization results demonstrated that 25 g PIF contaminated by 3 CFU E. sakazakii, 3 CFU S. enterica, 2 CFU K. pneumoniae, 6 CFU K. oxytoca, 9 CFU S. marcescens, 3 CFU A. baumannii, 5 CFU B. cereus, 3 CFU L. monocytogenes, 7 CFU S. aureus, and 4 CFU E. coli O157 could be correctly detected (see Fig. S3A to J in the supplemental material). Detection of PIF samples. A total of 21 batches of PIF from the United States (n ϭ 9), Ireland (n ϭ 3), France (n ϭ 2), Argentina (n ϭ 2), Holland (n ϭ 3), and India (n ϭ 2) were collected from the Tianjin Entry-Exit Inspection and Quarantine Bureau and detected according to inspection and quarantine trade standard methods. In the meantime, the PIF samples were detected by the designed microarray. The hybridization profiles showed that two samples were detected as E. sakazakii and B. cereus, respectively (see Fig. S3K to L in the supplemental material), which was affirmed by the Vitek system in the Tianjin Entry-Exit Inspection and Quarantine Bureau and 16S rRNA sequencing in our laboratory. The other 19 samples were signals of the positive control probes being detected, suggesting that there are other bacteria beyond the 10 pathogens studied. These results of 100% accuracy indicate that the microarray has the practical ability to detect and differentiate pathogens in PIF samples.
DISCUSSION
DNA microarrays currently are used for the detection of food-borne pathogens, since they are rapid, sensitive, specific, and allow for high-throughput analysis (25) . Recently, various reports have demonstrated the efficacy of this approach in the detection of waterborne pathogens (21) , marine fish pathogens (11) , and other food-borne pathogens (7, 10, 19, 28, 30) . To our knowledge, this study describes for the first time the application of DNA microarray technology for the rapid and reliable detection of pathogens associated with PIF contamination. The rRNA genes (i.e., 16S, 23S, and 5S) are ideal genetic targets that can be used for bacterial identification, since these sequences are highly conserved between species (14) . The primary caveat associated with ribosomal sequences as targets is that their variable regions make the identification of closely related organisms imprecise (23) . However, the ITS sequence is not subject to the same selective pressures as the rRNA genes, therefore targeting these sequences overcomes the specificity issues associated with rRNA sequences (1, 13) . Sequence and length polymorphisms associated with ITS increasingly are being used as targets for bacterial species and subspecies identification (5, 32) and typing (20, 31) , as well as being used in evolutionary studies (12, 24) . Another advantage of targeting ITS sequences is that they are relatively short. Specific capture probes can be designed for the variable regions, and universal primers can be designed for the conserved 16S and 23S rRNA gene sequences, respectively.
Lin et al. reported the detection of food-borne pathogens using microarrays designed to target ITS sequences (19 (26) . In this report, the B. cereus-specific probes described correspond to the conserved ITS regions of all five of these species, therefore all five species could be identified by the probes designed in this study.
Another obstacle associated with microarray-related approaches is that the detection of different DNA sequences is subject to different levels of sensitivity (0.100 to 0.001 ng). One possible reason is that each species possesses different operon copy numbers (rrn) and ITS types. For example, A. baumannii has six RNA rrn operons and one ITS type (ITS ileϩala , with tRNA ile and tRNA ala genes); E. sakazakii has seven rrn operons, and four of them are ITS glu , the rest are ITS ileϩala , and the specific probes were designed based on the ITS glu sequences; K. pneumoniae has eight rrn operons, including three ITS ileϩala , four ITS glu , and one ITS none (with no tRNA genes), and the specific probes were designed based on the ITS ileϩala regions. Therefore, their target sequences possess different copy numbers (six for A. baumannii, four of seven for E. sakazakii, and three of eight for K. pneumoniae), and the final ratios of the amplicons of those three species are 56:32:21. Another possible reason for different levels of sensitivity is different amplification efficiencies. Although they employed the same primers, different templates hold different levels of DNA quality, DNA structure, and GC content, which have profound effects on the final amplicon amount. Our results also showed that the closely related bacteria Salmonella and E. sakazakii share the same DNA sensitivity, which is also the same as that for K. pneumoniae, K. oxytoca, and S. marcescens. For the sensitivity of the microarray as a whole, the lowest one, 0.100 ng bacterial genomic DNA, should be reported.
Another challenge associated with food pathogen detection is that organisms are surrounded by the biological matrix that comprises food or food products, and the nature of the food product can critically affect sample preparation. In this study, we employed preenrichment along with selective culture for the preparation of specific pathogens. Although this sample preparation method is laborious, it has its advantages. First, the two-step culture method is prone to yield more bacteria, which will increase the amount of genomic DNA available for analysis and enhance hybridization sensitivity. Second, the twostep culture method also will reduce contaminants of food samples. If the DNA obtained for hybridization was contaminated with food product, it could interfere or inhibit the PCR by reducing hybridization efficiency or producing a false-positive signal (27) . In the second step, only 10 ml of the preenrichment was inoculated into 100 ml of selective culture, reducing the amount of food sample.
At present, the detection of food-borne pathogens is crucial for the safety of PIF because the consumers are infants and children, who are highly susceptible to outbreaks of life-threatening neonatal meningitis, bacteremia, and diarrhea illness (4). Although our initial efforts focused on only 10 pathogens, efforts now are under way to include most pathogens commonly associated with PIF contamination. A diagnostic tool with such a high-throughput value undoubtedly will facilitate the identification of pathogenic bacteria, thereby making preventive measures timely and also expediting epidemiologic investigations.
